Antiferromagnetic fluctuations and proton Schottky heat capacity in doped organic conductor κ-(BEDT-TTF)4Hg2.78Cl8  by Yoshimoto, Ryo et al.
Physica B 427 (2013) 1–4Contents lists available at SciVerse ScienceDirectPhysica B0921-45
http://d
n Corr
E-mjournal homepage: www.elsevier.com/locate/physbAntiferromagnetic ﬂuctuations and proton Schottky heat capacity
in doped organic conductor κ-(BEDT-TTF)4Hg2.78Cl8
Ryo Yoshimoto, Akihito Naito, Satoshi Yamashita, Yasuhiro Nakazawa n
Department of Chemistry, Graduate School of Science, Osaka University, Machikaneyama 1-1, Toyonaka, Osaka 560-0043, Japana r t i c l e i n f o
Article history:
Received 4 May 2013
Received in revised form
1 June 2013
Accepted 11 June 2013
Available online 18 June 2013
Keywords:
Heat capacity
Organic conductor
Spin ﬂuctuations
Proton relaxation26 & 2013 The Authors. Published by Elsevie
x.doi.org/10.1016/j.physb.2013.06.018
esponding Author. Tel.: +81 6 6850 5396; fax:
ail address: nakazawa@chem.sci.osaka-u.ac.jpa b s t r a c t
Low temperature heat capacity measurements of hole-doped organic conducting compound of κ-(BEDT-
TTF)4Hg2.78Cl8 were performed by the ac calorimetry and the thermal relaxation technique. It was
observed that low temperature electronic heat capacity at 0 T can be ﬁtted by a kind of spin ﬂuctuations
model for two-dimensional (2D) itinerant electrons. The enhancement of electronic heat capacity is
originated from these magnetic ﬂuctuations occur at extremely low temperature region. We also
observed that the low temperature heat capacity under magnetic ﬁelds show large additional
contribution explained by the two-level Schottky model of protons located on the edge of BEDT-TTF
molecules. The strong spin ﬂuctuations peculiar for 2D electrons in this hole-doped organic compound
inﬂuence the relaxation process of proton spins to get thermal equilibrium state. This is the ﬁrst example
among organic conducting systems where magnetic ﬂuctuations of itinerant electrons affect on the
relaxation of proton spins. Similar tendency was observed in another hole-doped system of κ-(BEDT-
TTF)4Hg2.89Br8 of which magnitude is reduced down to 20–25% of that of κ-(BEDT-TTF)4Hg2.78Cl8.
& 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license. 1. Introduction
Organic radial salts consisting of BEDT-TTF (bisethylenedithio-
tetrathiafulvalene) molecule and its counter anions provide fascinat-
ing research stages for studying fundamental physics in condensed
matter, because they give variety of electronic states due to the
difference of molecular packing [1–3]. The electron correlation of
&QJ;π-electrons manifests in 2D lattices give unique and comple-
mentary information for 3d and 4f electrons systems extensively
studied in intermetallic compounds [4]. Possible unconventional
superconductivity dominated by electron correlation [5–7], spin-
liquid states appear in dimer Mott triangle system [8,9], and drastic
charge disproportionation/charge ordering in simple structures
[10,11] etc. are discussed as major topics in such organic compounds.
In various BEDT-TTF salts, it is recognized that rigid dimerization in
donor arrangements tend to form an effectively half-ﬁlling state.
The compounds possessing κ-, β′-, and λ- type structure are known to
have rigidly dimerized donor arrangements and tend to have
strongly correlated metallic states or Mott insulating ground states
which convert to conducting state by applying pressures. The
κ-(BEDT-TTF)2Cu(NCS)2 and κ-(BEDT-TTF)2Cu[N(CN)2]Br are ambient
pressure superconductors with Tc¼10.4 K [12] and Tc¼11.6 K [13].r B.V.
+81 6 6850 5396.
(Y. Nakazawa).
Open access under CC BYThe pressure induced superconductivity at Tc¼14.2 K appears in &QJ;
β′-(BEDT-TTF)2ICl2 under 8.2 GPa [14].
The κ-(BEDT-TTF)4Hg2.78Cl8 and κ-(BEDT-TTF)4Hg2.89Br8 (abbre-
viated as κ-HgCl , κ-HgBr hereafter), containing divalent mercury ions
in the counter anion layers are recognized as hole-doped organic
compounds for dimer-Mott systems [3,4]. Since the mercury ions
form a one-dimensional chain structure of which periodicity is
incommensurate with that of the donors, the chemical compositions
of them are non-stoichiometroic as was reported by Lyubovskaya
et al. in 1985 [15–17]. The hole doping rates from the effectively half-
ﬁlling state were evaluated as 11% for κ-HgCl and 5–6% for κ-HgBr.
The electronic properties are studied by transport measurements
under pressures by Taniguchi et al. [18] and NMR experiments by
Furuta et al. [19] and Kurosaki et al. [20]. Anomalously large spin
ﬂuctuations in two-dimensional donor layers were reported by them.
The thermodynamic measurements by Naito et al. suggested
enhancement of electronic heat capacity coefﬁcient, γ due to these
spin ﬂuctuations [21,22]. It is the aim of the present paper to study
the nature of the low temperature heat capacity of κ-HgCl ( and
κ-HgBr) precisely at 0 T and under magnetic ﬁelds upto 8 T. We have
observed the appearance of nuclear Schottky contribution of protons
in heat capacity and analyzed their typical behaviors in terms of
peculiar spin ﬂuctuations occur in them.2. Experimental
The samples used for this study were grown by standard electro-
chemical method. The block type single crystals were obtained in-NC-ND license. 
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ments by single crystal samples at low temperature region, we used
two types of thermal relaxation calorimeters constructed for measur-
ing heat capacity of single crystals in the dilution temperature region
and 3He temperature region [23,24]. In order to attain good resolution
in temperature relaxation curvatures, we used ruthenium oxide chip
sensor (1.00.50.2 mm3) of which room temperature resistance
was 1 kΩ. The chip sensor adhered on the sample stage was calibrated
against standard thermometers. The sample used for this work was
0.43 mg for κ-HgCl and 0.62 mg for κ-HgBr. Temperature dependences
of the ac heat capacity above 15 K were recorded by light-chopped ac
heat capacity measurements system with a frequency of 2 Hz.3. Results and discussion
In Fig. 1(a),(b), we show temperature dependences of the ac
heat capacity of κ-HgCl and κ-HgBr. The smooth curvatures of Cp vs
T from room temperature down to about 15 K demonstrate that
the two compounds do not show any structural phase transitions
in this region. Therefore, incommensurate structure of mercury
chains is retained even at low temperatures. The data betweenFig. 1. (a) Temperature dependences of the ac heat capacities of κ-(BEDT-TTF)4Hg2.78Cl8
(b) Temperature dependences of the ac heat capacities shown by CpT−1 vs T plot of κ-(B
Fig. 2. (a) (Left) Temperature dependences of heat capacity of κ-HgCl obtained under m
the dilution refrigerator. The 0 T data shown by red open circles are obtained by the 3He
(BEDT-TTF)2Hg1.39Cl4 so as to compare the low temperature heat capacity values with ty
κ-HgBr obtained under magnetic ﬁelds of 0 T, 2 T, 4 T and 6 T. The inset shows the low
chemical formula of κ-(BEDT-TTF)2Hg1.45Br4 similar to the case of κ-HgCl. (For interpretat
version of this article.)20 K and 120 K are shown in Fig. 1(b) with CpT−1 vs T plot. Neither
the glass like freezing nor hysteretic behaviors related to ethylene
conformation of BEDT-TTF molecules typically observed in
κ-(BEDT-TTF)2Cu[N(CN)2]X (X¼Br, Cl) [25] and β-(BEDT-TTF)2I3 [26]
was observed by the present ac heat capacity measurements with
2 Hz. In Fig. 2(a),(b), we show low temperature heat capacities of κ-
HgCl and κ-HgBr obtained by the thermal relaxation technique. In
order to compare absolute values of heat capacity with typical 2:1
salts with (BEDT-TTF)2X (X:monvalent anions), we calculated the
molar heat capacity with a formula of κ-(BEDT-TTF)2Hg1.39Cl4 and κ-
(BEDT-TTF)2Hg1.45Br4 following to the analyses in the previous
reports [21–22,27]. We also show heat capacity data under magnetic
ﬁelds upto 8 T for κ-HgCl and upto 6 T for κ-HgBr. The temperature
dependences of the heat capacities under 0 T coincides with those
reported previously, which reported that the CpT−1 vs T2 plot gives
large T-linear term [21,22]. The electronic heat capacity coefﬁcient γ
larger than 50 mJ K−2 mol−1 was conﬁrmed in the present measure-
ments. Since these γ's were determined from extrapolation of higher
temperature data down to 0 K, it is necessary to discuss temperature
dependence at low temperature region in details. The electron
correlation in the itinerant electron systems tends to show enhance-
ment of electronic heat capacity with decreasing temperatures.and κ-(BEDT-TTF)4Hg2.89Br8. The data between 15 K and 300 K are shown in Cp vs T.
EDT-TTF)4Hg2.78Cl8 and κ-(BEDT-TTF)4Hg2.89Br8 between 20 K and 120 K.
agnetic ﬁelds of 0 T, 4 T, 6 T and 8 T. The data under magnetic ﬁelds are obtained by
refrigerator. The molar heat capacity was calculated using a chemical formula of κ-
pical 2:1 salts of BEDT-TTF. (b) (Right) Temperature dependences of heat capacity of
temperature part in Cp vs T plot. The molar heat capacity was calculated using a
ion of the references to color in this ﬁgure legend, the reader is referred to the web
Fig. 3. CpT−1 vs T2 plot of low temperature heat capacity of κ-HgCl. The molar heat
capacity is evaluated with a formula of κ-(BEDT-TTF)2Hg1.39Cl4. The blue curve is a
ﬁtting result of Cp¼γT−αTln T+βT3+δT5 with ﬁtting parameters of γ¼41.9mJ K−2 mol−1,
α¼+34.2mJ K−2 mol−1, β¼30.9 mJ K−4 mol−1, and δ¼4.4110−2 mJ K−6 mol−1. The
partial contribution of the T-linear term (γ ), the electronic term (γ−αln T) and the
lattice term (βT3+δT5) are shown by green, black, and orange colors, respectively. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to
the web version of this article.)
Fig. 4. Low temperature heat capacity of κ-HgCl (chemical formula of κ-(BEDT-
TTF)2Hg1.39Cl4 ) under magnetic ﬁelds obtained by the dilution refrigerator and
their ﬁtting results using the Schottky model with a formula of Cp (H¼4, 6, 8 T)¼
AT−2+Cp (0 T ) (see text). The open circles denote the 0 T data obtained by the 3He
refrigerator.
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which seems to be moderate as compared with typical Schottky
contribution.
In order to discuss the origin of this upturn in κ-HgCl salt, the
experimental data were ﬁtted by a model which includes –αTln T
and γT terms as electronic heat capacity contribution and lattice
contribution expressed by βT3 and δT5. The former term is
explained by the 2D antiferromagnetic ﬂuctuation model pre-
dicted by self-consistent renormalization (SCR) theory which
explains the spin ﬂuctuations appears in electronic heat capacities
of 3d and 4f electron systems [28]. The good ﬁtting was obtained
as is shown by the blue curve in Fig. 3. In the ﬁgure, we also show
partial contribution of each term to the total heat capacity. In the
κ-HgCl compound, extraordinary large AF spin ﬂuctuations than
those of κ-(BEDT-TTF)2Cu[N(CN)2]Cl and κ-(BEDT-TTF)2Cu[N(CN)2]
Br were observed by 13C–NMR and this result indicates that the
system is in the vicinity of a kind of quantum critical point [20].
The successful ﬁtting of the heat capacity data by including 2D AF
spin ﬂuctuation model is consistent with this fact and gives
supportive information for the peculiar electronic states of &QJ;
κ-HgCl at low temperatures. Although there are several organic
charge transfer salts with relatively strong antiferromagnetic
ﬂuctuations, the appearance of –αTln T term in electronic heat
capacity in organic conductor is the ﬁrst case as long as the
author's knowledge. This fact demonstrates that the spin ﬂuctua-
tions certainly occur in two-dimensional electrons and that the
Fermi liquid character is established as a ground state of this
doped Mott insulator. Similar temperature dependence in electronic
heat capacity is expected in κ-HgBr compound, since small upturn
was also observed in 0 T heat capacity data. However, as was
discussed by Naito et al. [21], the CpT−1 vs T2 plot do not give linear
relation due to the existence of the one-dimensional phonon. The
electronic heat capacity was masked by a temperature dependence
of extra lattice heat capacity which is well explained by the
dimensional crossover model of acoustic phonon modes [21].
Yamashita et al. [27] also conﬁrmed this curious temperature
dependence of lattice heat capacity through the discussion of the
cooling rate dependences of thermal anomalies in relation to the
superconductive transition of κ-HgBr compound.
By applying magnetic ﬁelds, the heat capacity of κ-HgCl salt reveals
an unexpectedly large additional contribution at lowest temperaturewhich depends on magnetic ﬁelds. Usually, the electronic heat
capacity is relevant to the electron density of states and spin
ﬂuctuations of itinerant electrons and it does not change so much
by applying magnetic ﬁelds of several Tesla. Apparently, this additional
contribution is different from the –αTln T in the 0 T data judging from
the Cp vs T plot up to 8 T shown in Fig. 2(a). We found that these
upturns of Cp under magnetic ﬁelds can be ﬁtted by a simple model of
the higher-temperature tail of the Schottky model which claims that
the heat capacity obeys Cp¼AT−2. This fact suggests that this additional
term should be originated from the hyperﬁne structures of nuclear
levels. The validity of the Schottky heat capacity model is supported by
the gradual increase of low temperature heat capacity with the
increase of magnetic ﬁelds as is shown also in the same ﬁgure. There
are several candidate nuclei which may contribute to low temperature
heat capacity. They are 199Hg (16.8% I¼1/2), 201Hg (13.2% I¼3/2),
&QJ;35Cl (75.77% I¼1/2) and 37Cl (24.23% I¼3/2) of which natural
abundance and nuclear spin numbers are shown in the brackets. We
calculate a possible Schottky contribution produced by these nuclei
based on the natural abundance and spin numbers. However, the
expected Schottky contribution at 8 T evaluated from these models is
A¼1.19 mJ Kmol−1 and the contribution from theses nuclei must be
much smaller than the present experimental data. Therefore, the large
contribution should be attributed to the Schottky heat capacity
dominated by the Zeeman splitting of protons (I¼1/2) located on
the ethylene groups in BEDT-TTF molecules. The expected value
estimated as a summation of Hg, Cl nuclei contribution and proton
contribution is 3.56 mJ Kmol−1 for 4 T. Those for 6 T and 8 T give
A¼6.60 mJ Kmol−1 and A¼10.84 mJ Kmol−1, respectively. Better cor-
respondence is shown in the comparison of expected curvatures of
Cp¼AT−2+Cp (0 T) for 4 T, 6 T, and 8 T data in Fig. 4, where Cp(0 T)
contains both electronic and lattice heat capacity at 0 T. Although the
data scattering under magnetic ﬁelds is large and makes some
ambiguity, the curvatures based on simple Schottky behavior repro-
duce well the experimental data.
The data of κ-HgBr salt at extremely low temperature region is also
shown in Fig. 2(b). We can notice that the magnetic ﬁelds dependence
appears at lowest temperature region resembles to that of κ-HgCl &QJ;
salt, although the magnitude of the upturn seems to be reduced down
to about 20–25%. There are numerous radical cation salts based on
R. Yoshimoto et al. / Physica B 427 (2013) 1–44BEDT-TTF and its analogous donor molecules studied by heat capacity
measurements up to now. However, these compounds do not show
such large Schottky heat capacity even under magnetic ﬁelds,
although the constitutional elements are almost the same.
Here, we discuss why the proton Schottky heat capacity was
clearly detected by the present measurement under magnetic ﬁelds.
We consider that this is closely related to the peculiar electronic
state of κ-HgCl located in the vicinity of quantum critical point. &QJ;
In general, the spin-lattice relaxation time of protons in such charge
transfer complexes becomes very long at low temperature region in
question, since the phonons which mediate relaxation of nuclei to
their equilibrium states lose energy. As a consequence, the spin
inversion process of proton nuclei requires rather long time in the
order of 102–4 s to attain thermal equilibrium states. This time scale
is longer than the usual experimental time scale of heat capacity
measurements such as the thermal relaxation technique, the ac
technique, and also the adiabatic one. Therefore, the contribution of
proton Schottky heat capacity of BEDT-TTF and similar donors
cannot be detected in numerous salts. The partial detection of the
proton Schottky contribution was reported in electronic heat
capacity measurements of κ-(BEDT-TTF)2Cu[N(CN)2]Br [7] and
partially deuterated κ-(d[n,n]; BEDT-TTF)2Cu[N(CN)2]Br compounds
[29,30] under magnetic ﬁelds above 10 T. The possibility of proton
Schottky contribution is also discussed in spin liquid system of
κ-(BEDT-TTF)2Cu2(CN)3 under magnetic ﬁelds [9]. In the case of
α-(BEDT-TTF)2NH4Hg(SCN)4, the Schottky heat capacity was
observed clearly as a hindered rotation of NH4 cations instead of
proton systems [31,32]. In these cases, however, appearance of
protons Schottky contribution in the heat capacity inclined to be
only partial, since relatively longer spin-lattice relaxation time, T1
than the typical time scale for determining heat capacity by relaxa-
tion calorimetry produces an inequillibrium conditions of protons.
In the present κ-HgCl salt, it is to be emphasized that spin
correlations produced in 2D electrons drastically shortens the
spin-lattice relaxation rate even at low temperatures below liquid
helium temperature. The (T1T)−1 of 1H–NMR studied by Furuta
et al. [19] of κ-HgCl are about two order of magnitude larger that
κ-(BEDT-TTF)2Cu[N(CN)2]Cl below about 1 K, which corresponds to
T1¼10−1–0 s. This value is no doubt within the region where the
relaxation calorimetry can detect proton contribution. The detail
analysis of 13C–NMR line shape and second moments by Kurosaki
et al. [20] indicated that inhomogeneous distribution of internal
ﬁelds increases with lowering temperature and consistent with
the picture that the strong spin ﬂuctuations accelerate the relaxa-
tion of nuclear spins and gives large Schottky contribution of
proton in heat capacity data. In the case of κ-HgBr, the spin
ﬂuctuations are also stronger that those of typical κ-(BEDT-TTF)2X
salt but reduced by one order of magnitude from those of κ-HgCl.
Therefore, the T1 values below 1 K become comparable with that
of the experimental time scale of relaxation calorimetry. The only
partial detection of the Schottky term in an order of 20–25% in the
present experiments shown in the inset of Fig. 2(b) is consistent
with the behaviors of antiferromagnetic ﬂuctuations in this salt.
The successful detection of the Schottky contribution of pro-
tons in BEDT-TTF molecules with reasonable magnitude is the ﬁrst
case among organic conducting system. As we have discussed
above, the electronic states in the BEDT-TTF molecules have
anomalously strong magnetic ﬂuctuations and these ﬂuctuating
spins produce inhomogeneous distribution of magnetic ﬁelds that
shortens the inversion time of nuclear spins. The involvement of
electronic spin ﬂuctuations for relaxation of proton spins means
that electronic heat capacity measurements especially under
magnetic ﬁelds should be performed with care to evaluate pure
electronic contributions, especially for the systems possessing very
strong magnetic ﬂuctuations at low temperatures.4. Conclusion
In conclusion, we performed low temperature heat capacity
measurements for κ-(BEDT-TTF)4Hg2.78Cl8 and κ-(BEDT-TTF)2Hg2.89Br8.
We observed that low temperature electronic heat capacity of the
former salt can be explained by a kind of spin ﬂuctuations model for
2D and enhancement of γ is originated from these magnetic ﬂuctua-
tions. We also suggest that the low temperature heat capacity under
magnetic ﬁelds shows large proton contribution explained by the two-
level Schottky models which is located on the edge of BEDT-TTF
molecules. The strong spin ﬂuctuations peculiar for 2D electrons in
these hole-doped organic conducting compounds were found to be
coupled with the relaxation process of nuclei.Acknowledgments
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